The California Leafy Greens Marketing Agreement (LGMA) was adopted in an effort to minimize the risk of contamination of leafy greens with enteric pathogens from a variety of sources, including ground and surface irrigation waters. The LGMA contains standards similar to those established for recreational waters, based on Escherichia coli concentrations. However, no correlation between E. coli and any specific waterborne pathogen(s) has been reported. We conducted this monitoring study in an agricultural watershed to (i) evaluate spatial and temporal fluctuations in E. coli populations and virulence genes associated with pathogenic E. coli and (ii) investigate whether a relationship could be established between E. coli and virulence genes. The virulence genes targeted for analysis were the eae and stx genes, encoding for intimin and Shiga-like toxins, respectively; they were detected with PCR methods. E. coli concentrations and eae and stx prevalence varied both spatially and temporally. In general, both were higher in agricultural than in forested areas and were higher in the summer and fall seasons than in winter. The eae and stx genes were prevalent throughout the watershed. However, in the absence of actual isolates, no conclusions could be drawn regarding the prevalence of specific pathogenic E. coli. No correlation was observed between E. coli concentrations and virulence genes; lower E. coli concentrations were not necessarily associated with decreased prevalence of eae and stx genes. These results suggest that the LGMA standards might not adequately address the issue of waterborne contamination, and that alternative criteria might be required.
The number of foodborne illness outbreaks linked to fresh produce has increased during the past 15 years (20) . The incidence of foodborne outbreaks associated with leafy greens increased by 39% from 1996 to 2005, while leafy green consumption increased by only 9% (13) . One of the most infamous outbreaks of Escherichia coli O157:H7 was linked to consumption of fresh, bagged baby spinach in 26 states and Canada, resulting in 205 reported cases of illness and three deaths (6) . Contaminated product was traced to a specific production date at a processing plant and to fields located on four ranches, possibly introduced because of feral pig incursion into spinach fields (16) .
Surface irrigation waters have been previously implicated in produce contamination (28) . Ackers et al. (1) reported an instance of E. coli O157:H7 contamination of lettuce, in which the farm obtained its irrigation water from a nearby pond supplied by several streams that passed through cattle fields. Hillborn et al. (15) reported an outbreak of E. coli O157:H7 attributed to contaminated mesclun lettuce irrigated with water contaminated by cattle grazing in a nearby field. In these instances, the evidence, although compelling, was circumstantial because an isolate of E. coli O157:H7 was never obtained from the irrigation source.
Several outbreaks have been reported for which the evidence was definitive. For example, an E. coli O157:H7 outbreak associated with shredded lettuce (30) was traced back to the accidental mixing of well water intended for irrigation with water from a dairy manure lagoon. An E. coli O157:H7 strain isolated from the irrigation water matched the outbreak strain. Similarly, Söderström et al. (26) reported an outbreak in Sweden of verotoxin-producing E. coli O157:H7 associated with consumption of lettuce, in which the source of contamination was traced back to a small stream used for irrigation; identical verotoxinproducing E. coli O157:H7 strains were isolated from those sickened and from cattle at a farm upstream from the irrigation point. Finally, Greene et al. (11) reported a multistate outbreak of Salmonella Newport infection associated with tomatoes. In this instance, the outbreak strain was isolated from pond water used to irrigate the tomato fields.
In an attempt to minimize the risk of contamination associated with irrigation waters, the California Leafy Green Marketing Agreement (LGMA), adopted in 2008, established and maintains water quality criteria for irrigation waters applied to leafy green crops (2) . The standards in the
LGMA are (i) for overhead irrigation of foliar surfaces, no water sample can contain .235 most probable number (MPN) of E. coli per 100 ml; (ii) for drip irrigation of roots, no sample can contain .576 MPN E. coli per 100 ml; and (iii) for either overhead or drip irrigation, E. coli concentrations cannot exceed an average of 126 CFU or MPN E. coli per 100 ml among five samples taken over 30 days. These LGMA standards are similar to those set by the U.S. Environmental Protection Agency (EPA) for recreational waters (29) ; the EPA standards are based on data derived from observed human exposure at swimming beaches affected by sewage.
Adoption of the LGMA might be less of a concern when groundwater is used for irrigation because enteric pathogens are far less common because of the natural filtering mechanism of soil (10). However, surface waters, which can be impacted by wildlife, humans (e.g., septic systems, leaky sewage pipes), and agriculture (e.g., runoff from applied manures or grazing cattle), could pose a greater risk of containing enteric pathogens. Nationwide, indicator microorganisms for fecal contamination, such as fecal coliforms, enterococci, and E. coli, are used to evaluate the microbial quality of surface waters (3). Among the Mid-Atlantic states, Virginia has conducted one of the most comprehensive assessments of rivers and streams. As of 2008, these data indicate that 5,979 miles of rivers and streams (of the 15,873 miles of rivers and streams assessed) were contaminated with excessive E. coli concentrations (4). Consequently, adoption of the LGMA standards could adversely affect produce farms that rely on surface waters for irrigation.
This study was undertaken to evaluate spatial and temporal fluctuations in E. coli populations and virulence genes associated with pathogenic E. coli (eae and stx genes), and to investigate whether a relationship could be established between the concentrations of waterborne E. coli and pathogenic E. coli virulence genes in a predominantly agricultural watershed. Previous research indicates that these virulence genes are relatively common in surface waters (8, 25) . However, there are very limited data comparing prevalence or concentrations of these virulence genes with E. coli concentrations (8) . Absent a correlation between E. coli and virulence genes, alternative criteria might be more appropriate for determining when surface waters can be used for irrigation.
MATERIALS AND METHODS
Little Cove Creek watershed and sampling sites. This monitoring study was conducted in the Little Cove Creek, located in the Conococheague-Opequon watershed in Franklin County, PA, which is part of the Chesapeake Bay watershed ( Fig. 1 ). Samples were collected weekly (except during inclement weather) from July 2005 through March 2006. Numerous farms are located in this region, with watersheds comparable to Little Cove Creek selling fresh fruits, vegetables, and/or herbs directly to consumers through farmers markets and restaurants in Mid-Atlantic metropolitan areas.
Six sampling sites (CMG1 to 6) were established along Little Cove Creek, two in the forested area and four in the agricultural area. Two additional sites were established along a first-order stream tributary (known locally as Shelton's Run, designated CMT1 and CMT2). Sampling site distances from headwater and elevation, and channel depth and width are shown in Table 1 . CMG1 is located near the headwater of Little Cove Creek, well above any agricultural runoff, while CMG2 is located beneath a grate bridge (with a span of 10 m) with stone abutments. The headwaters are fed primarily by spring water. Cattle have access to the creek just downstream of the bridge; this site delineates the beginning of agricultural overflow. CMG3 is located in an area of very slow-moving water with a high sediment load due to a bridge and cattle ford just below the site that partially impound the flow. A channel draining a dairy cow feedlot flows into the creek just upstream of CMG3. CMG4 is located at a tractor ford; cattle have direct access to the site. CMG5 is located near a farm bridge site next to a heavily used cattle ford that is maintained by medium to coarse gravel. CMG6 is located just below the ford across Little Cove Creek, on a local road; the crossing is built up with gravel and cobbles. CMT1 is upstream on the eastern branch of Shelton's Run, while CMT2 is just before to its confluence with Little Cove Creek.
Sample collection and analysis. Samples were collected manually at each site by wading into the middle of the stream and collecting 1 liter of water in sterile bottles. Samples were transported on ice to the Beltsville Agricultural Research Center (Beltsville, MD), where they were processed within 24 h. E. coli was quantified with the Colilert Assay (Idexx Laboratories, Inc., Westbrook, MA). For water samples, 100 ml of water (or 10-fold dilutions) was mixed with nutrient reagents, as described by the supplier (Idexx) and incubated at 37uC in Colilert Quantitrays.
For qualitative analysis, 100 ml of water samples was filtered through a 0.2-mm-pore-size filter, and the filter was placed in 10 ml of minimal lactose enrichment broth for overnight incubation at 37uC (24) . The enriched broth cultures were analyzed for the presence of stx 1 , stx 2 , and eae genes by using real-time PCR (14) . For quantitative (MPN) analysis, 0.1, 1.0, 10, and 100 ml of water (three replicates of each) were filtered and enriched in minimal lactose enrichment broth. The enriched broth cultures were analyzed for the presence of stx 1 , stx 2 , and eae genes by using real-time PCR (14) . The primer and probe sets for stx 1 and stx 2 genes (23), and the eae gene (25) have been described previously. Quantitative data were derived by using MPN analysis.
Regression analysis and correlation coefficients were calculated with SigmaPlot 9.0 software (Systat Software, Inc., San Jose, CA).
RESULTS
The geometric means for E. coli concentrations at the six sampling sites are shown in Figure 2 (top panel) ; the monthly prevalence of presumptive eae and stx genes (including both stx 1 and stx 2 genes) from all water samples are shown in Figure 2 (bottom panel). Although this sampling period (July through February) does not specifically correspond with the growing season for leafy greens, it does provide information on seasonal trends of the persistence of E. coli in watersheds.
Overall, E. coli concentrations decreased from summer through fall, with the highest concentrations generally observed at sites with agricultural overspills (CMG3 through 6). The prevalence of the eae gene in water samples was consistently high (.90%) throughout the summer and fall (July through November). Prevalence declined through the winter months (December through February), but never below 50%. The prevalence of stx genes was somewhat more variable, although a general downward trend from summer (July through September) through fall and winter (October through February) was also observed. Figure 3 shows the relationship between the presence or absence of eae and stx (including both stx 1 and stx 2 ) genes versus E. coli concentration for all water samples; the dotted lines represent the LGMA standards of 235 or 576 MPN E. coli per 100 ml. For the eae gene, 87% of all samples were positive (n~220). Among samples negative for the eae gene, 92% had E. coli concentrations ,235 MPN E. coli per 100 ml (n~25). However, the converse was not true; water samples positive for the eae gene were observed across the entire range of E. coli concentrations. For the stx gene, 51% of all samples were positive (n2 08). A weak trend was observed between E. coli concentrations and the presence of stx genes; 42% of samples containing ,235 MPN E. coli per 100 ml were positive for stx genes.
The concentrations of eae, stx 1 , and stx 2 genes, as determined by quantitative PCR, are shown for CMG1, 3, and 6 ( Fig. 4) . The eae gene was detected in all water samples taken from these sites on these dates. In general, the concentration of eae gene copies in water samples was .10 MPN copies per 100 ml; the concentration of eae was $100 MPN gene copies in 22, 43, and 35% of water samples from CMG1, 3, and 6, respectively. The concentration of the eae gene was consistently higher than either the stx 1 or stx 2 genes at all three sites. With only four exceptions, the concentration of stx 1 or stx 2 genes was ,5 MPN copies per 100 ml in any of these samples.
There was no apparent correlation between the concentrations of E. coli versus concentrations of the eae gene (n~53) or stx genes (n~69) at sites CMG1, 3, and 6, as shown in Figure 5 . The correlation coefficients for eae and stx genes were 0.09 and 0.02, respectively. The concentrations of E. coli typically exceeded that of the eae gene and stx genes. However, on nine sampling dates, the apparent concentration of the eae gene exceeded that of E. coli; eight of these nine values were from CMG1 (a forested site).
DISCUSSION

E. coli concentrations in the Little Cove
Creek watershed varied both spatially and temporally. The spatial variability is explained by differential inputs of feces from wildlife in the upper, forested reaches of the creek versus feces from cattle (sometimes via direct fecal deposition) in the lower reaches, and differential persistence in different reaches of the creek. Recent research indicates that E. coli could have prolonged survival in creek sediments or banks (5, 7, 9, 27) , resulting in E. coli reservoirs in watersheds. For example, CMG3, which was located at a level area with slow-moving flow and high sediment loads, typically had the highest E. coli concentrations. All samples taken at this site from July through November were above the levels of 235 and 576 MPN E. coli per 100 ml (single samples).
The temporal variability is a combination of lower fecal inputs during the fall and winter, and several heavy rainfall events that ''flushed'' sediment-borne E. coli downstream.
For example, samples from all agricultural sites (CMG3 through CMG6) taken in July contained E. coli concentrations above the threshold of 235 MPN/100 ml. By early December, E. coli concentrations at all sites were near or below the threshold of 235 MPN/100 ml, with one exception (CMG6) because of a single, very high value on 5 December. Note, however, that all of the agricultural sites were near or above the threshold of 126 MPN E. coli per 100 ml among five samples taken over 30 days, until January. Similar temporal variability has been reported for Salmonella spp. concentrations in a rural watershed in Georgia, where bacterial populations were influenced by precipitation and water temperature (12) .
The focus of this study was the virulence genes eae and stx, because they are almost universally associated with enterohemorrhagic E. coli (e.g., E. coli O157:H7). Detection of the eae gene is considered presumptive evidence of enteropathogenic E. coli (19) , while detection of stx genes is considered presumptive evidence of Shiga toxin-producing E. coli. Simultaneous detection of both genes suggests the presence of enterohemorrhagic E. coli; however, because these genes might be found in independent populations, FIGURE 3 . Relationship between the presence and absence of eae and stx genes versus Escherichia coli concentration for water samples collected from sites CMG1 through 6; the dotted lines represent the LGMA standards of 235 MPN E. coli per 100 ml for foliar application and 576 MPN E. coli per 100 ml for drip application. such findings are not definitive (25) . Note that no conclusions can be drawn regarding the presence of other pathogenic E. coli (e.g., enterotoxigenic E. coli), since water samples were not analyzed for virulence genes associated with these strains.
Both eae and stx virulence genes were relatively common in the watershed. In general, prevalence was higher in agricultural areas versus forested areas, and higher in summer than in fall and winter. No definitive conclusions can be drawn with respect to whether enterohemorrhagic E. coli was actually present. For example, there were instances where the concentrations of eae gene exceeded E. coli in forested areas, suggesting that other bacterial species containing the eae gene were also detected. It has been reported previously that a strain of Citrobacter freundii contains an eae gene homologous to enteropathogenic E. coli (22) . Other Escherichia species, E. albertii, and some Shigella spp. have also been shown to possess alleles of the eae gene (18) . Shedding of atypical enteropathogenic E. coli from wild birds has also been observed (17), possibly providing another source of the eae gene in non-agricultural portions of this watershed. The increased prevalence of eae over stx is not surprising; expression of eae is greater in both human and cattle feces (21) .
The inability to establish a correlation between E. coli and either eae or stx gene concentrations is consistent with the findings of Duris et al. (8) , who also reported a lack of correlation between E. coli populations and prevalence of stx or eae virulence genes in several rivers in southern Michigan and northern Indiana. Together, these results suggest that a correlation does not exist between concentrations of E. coli and virulence genes. Others have noted that there is a lack of knowledge concerning the density of E. coli and the presence of pathogenic E. coli (such as E. coli O157:H7) or other enteric, foodborne pathogens (29) .
These findings have important ramifications for the LGMA standards that mandate that irrigation waters not exceed E. coli concentrations of 126 MPN E. coli per 100 ml among five samples taken over 30 days, 235 MPN E. coli per 100 ml for foliar applications (single sample), and 576 MPN E. coli per 100 ml for drip applications (single sample). Our results suggest that E. coli data might not be suitable to predict the risk of exposure to other pathogenic strains. Standards based on E. coli concentrations might be both unduly stringent and simultaneously inadequate to provide a reliable margin of safety. Consequently, it might be desirable to establish alternative criteria for surface waters. Although more tedious and expensive, standards based on virulence genes could provide more reliable information.
Additional research is required to establish the usefulness of virulence genes as indicators and to develop predictive models to determine areas or sections of surface waters most suitable for irrigation. 
